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The research carried out on thorium-based fuels indicates that these fuels can be
considered as economic alternatives with improved physical properties and proliferation
resistance issues.
In the current study, neutronic assessment of UO2 in comparison with two (Th-
233U)O2,
and (Th-235U)O2 thorium-based fuel loads in a heavy water research reactor has been
proposed.
The obtained computational data showed both thorium-based fuels caused less nega-
tive temperature reactivity coefficients for the modeled research reactor in comparison
with UO2 fuel loading. By contrast,
233U-containing thorium-based fuel and 235U-containing
thorium-based fuel loadings in the thermal core did not drastically reduce the effective
delayed neutron fractions and delayed neutron fractions compared to UO2 fuel. A provided
higher conversion factor and lower transuranic production in the research core fed by the
thorium-based fuels make the fuel favorable in achieving higher cycle length and less
dangerous and costly nuclear disposals.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Thorium (Th) is a radioactive metal with atomic number of 90.
Soil contains an average of around six parts per million (ppm)
of thorium.Natural thoriumcontainsone isotope, 232Th,which
is analpha-emitterwithahalf-lifeof 1.41010 years. It is oneof
the dense materials on the earth and does not need enrich-
ment. Although 232Th is a nonfissile isotope, it can be used as ae Vaziri).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behafuel in nuclear reactors. By capturing a neutron in 232Th, 233U is
formed according to the following nuclear reaction:
232Th þ n/ 233Th/ 233Pa/ 233U
Production energy of thorium is 20million times the energy
of coal and it can be used as an ideal source of energy. ConcernCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
Table 1 e The modeled core specifications.
Core specifications value
Core diameter (cm) 376
Effective height of core (cm) 343
Density of fuel (g/cm3) 10.14
Fuel rod diameter (cm) 1.36
Number of fuel rod (FR) 18
Number of fuel assembly (FA) 150
Fuel mass: natural UO2 (tons) 9.72
Lattice pitch (cm) 26.5
Total mass of 235U in Fuel (kg) 60.92
Fig. 1 e Cross-sectional view. (A) The hexagonal-
configurated core and (B) the circular-configurated fuel
assembly.
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thorium to be a less riskymaterial. It is estimated that thorium
deposit in the earth is three to four times larger than that of
uranium and is easily extractable [1]. One of the most
important merits of thorium is that its spent fuel is not
suitable for the production of nuclear weapons because of
the low production of plutonium isotopes in burnt thorium-
based fuel matrixes [2]. In addition, as the literature has
indicated, the produced uranium-232 emits high-energy
gamma radiation that is a radiological hazard and damages
electrical equipment of the weapon equipment. Moreover, it
is easily detectable by the nuclear detectors. Proliferation
resistance of thorium-based fuel matrixes is another
advantage of these fuels regarding noticeable reduction of
the high radiotoxic waste production views [3]. Thorium fuel
can be used in all types of reactors, such as the Boiling
Water Reactor (BWR) [4], Pressurized Water Reactor (PWR)
[5], Fast Reactor [6], Accelerator Driven Subcritical Reactor
(ADSR), and Pressurized Heavy Water Reactor (PHWR) [7].
Many thorium-based fuel assemblies have been tested
until now. For instance, ThO2-PuO2 thorium-based fuel was
examined in heavy water reactors such as the CIRUS research
reactor in India. This fuel was successfully irradiated to a
burnup of > 15,000 MWD/Te [8].
One of the operational reactors cooled by boiling light
water and moderated by heavy water is AHWR, which is
fueling with (Th-233U) and (Th-Pu) in India. Its power is 920
MWth/300 MWe and about two-thirds of this power comes
from thorium fuel [9]. The thorium fuel cycle-based AHWR is
being planned to provide impetus for large-scale utilization
of thorium. The 233U requirements for the reactor are
achieved by recycling after reprocessing of its spent fuel [10].
(Th-Pu)O2 and (Th-U)O2 fuels are tested in the HALDEN
boiling heavy water research reactor in Norway for the eval-
uation of the thermodynamic and neutronic fuel properties.
The reported results show that thermal conductivity is
improved in thorium fuels [11].
Many computational researches have been done on
neutronic evaluation of thorium-based fuel utilization in
different kinds of reactors.
Ashley et al. (2014) investigated advantages, disadvantages,
and viability of an open cycle thoriumeuranium-fuelled
reactor. In their study, various performance indicators, span-
ning material flows, waste composition, economics, and pro-
liferation resistance were compared with reference for three
systems. Systemswere simulatedbyORIONcode. Their results
showed that there isminute importance in thoriumusage into
nuclear energy systems operating with open fuel cycles [12].
Premana et al. (2008) indicated that the thorium cycle
shows some advantages in higher breeding characteristics in
the thermal neutron spectrum region. In their study, the
feasibility of large and small water-cooled thorium breeder
reactors was investigated under equilibrium conditionswhere
the reactors are fueled by 233U-Th oxide. The results showed
that the breeding performance increases with increasing
power output and lower power density [13].
Therefore, many motives have been formed toward
thorium-based fuel utilization in nuclear reactors. Hence,
neutronic investigation of different thorium-based fuel usage
inatypicalheavywater-cooledandmoderatedreactorhasbeenproposed in this work. Themost important research aim is the
investigation of a thorium-based fuelmatrix to be used instead
of the UO2 fuel alternatives in the research reactor to achieve
nonproliferation issues in weapon-grade 239Pu production.2. Materials and methods
The aim of this study is to compare neutronic behavior of
different fuel matrixes consisting of natUO2, (Th-
235U)O2 and
(Th-233U)O2 separately loaded in a typical heavy water
reactor. This research reactor is heavy water-cooled and
moderated. The core is fueled by 150 fuel assembly contained
18 fuel rods. The properties of this reactor are represented in
Table 1.
The three-dimensional thermal reactor core was modeled
by MCNPX 2.6.0 computational code in details [14]. The cross
sectional view of the hexagonal-configuration core is shown
in Fig. 1.
Three types of fuels are considered in the modeled reactor
with the presented properties and weight fractions according
to Table 2. For all the fuels, the weight fraction of the fissile
element has been set so that the excess reactivity's fresh
core meets approximately identical values with discrepancy
of < 100 pcm.
To investigate the effect of UO2, (Th-
233U)O2, and (Th-
235U)
O2 fuels on neutronic performances of the modeled core, the
following neutronic parameters have been calculated. Radial
and axial neutron flux distributions have been calculated
using a mesh tally card. Neutron spectra and average fission
per absorption ratio has been calculated using the F4 tally.
Table 2 eWeight fraction of different components of the investigated fuels.
Fuel/ element O% 235U% 232Th% 238U% 233U% Density (g/cm3)
UO2 natural 0.11850 0.006170 e 0.87531 e 10.14
(Th-235U)O2 0.12119 0.014460 0.8643 e e 10.00
(Th-233U)O2 0.12120 e 0.8665 e 0.0123 10.14
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lated in two temperatures of 293 and 599 Kelvin corresponded
to cross sections of 70c and 71c available in endf70 library of
theMCNPX code. Void reactivity variations of the coolant have
been calculated for the different fuel loads in the modeled
core. Delayed neutron fraction and effective delayed neutron
fraction have been calculated. Burnup calculation has been
performed at 40 MW power for 2 years using the BURN card of
the used code.3. Results and discussion
According to computational data presented in Table 3,
effective delayed neutron fraction and delayed neutron
fraction of the modeled core-fed (Th-233U)O2 fuel are
noticeably less in comparison with the other investigated
fuel matrixes (240 pcm < 713 pcm and 744 pcm). It is for this
reason that the number of delayed neutrons per 233U fission
is the lowest, which is not desirable in the reactor safety
point of view. Clearly, the maximum weight of delayed
neutron fraction value belongs to 233U or 235U isotopes and
thorium has not any pronounced weight than uranium
because fission rate of 233/235U in the thermal core is
noticeably higher than 232Th and 238U isotopes. Remarkably
less delayed neutron fractions of 233U in comparison with
235U results in a great reduction of the safety parameter of
the modeled core fed with only 233U fissile.
Temperature reactivity coefficients in three types of fuel
are clearly negative, because the Doppler broadening takes
place in the fertile element as a result of temperature
enhancement. The temperature reactivity coefficient of
(Th-235U)O2 fuel is considerably less negative than UO2 fuel,
with relative discrepancy of 18%, and the temperature reac-
tivity coefficients of (Th-233U)O2 fuel, which is much less
negative than UO2 and (Th-
235U)O2 with relative discrepancies
of 41% and 29%, respectively.Table 3 e Comparison of neutronic parameters of the modeled
Parameters
Effective multiplication factor
Excess reactivity (pcm) 551
Effective delayed neutron fraction (%)
Delayed neutron fraction (%)
Fuel temperature reactivity coefficient (mk/K) 
Coolant temperature reactivity coefficient (mk/K) 
Moderator temperature reactivity coefficient (mk/K) 
Void reactivity coefficient (mk/%void)
Radial power peaking factor
Axial power peaking factor
Fission per absorption ratioAccording to the data presented in Table 3, the UO2 coolant
temperature reactivity coefficient is more negative than
(Th-235U)O2 and (Th-
233U)O2 fuel with relative discrepancy of
53% and 90%, respectively, and the (Th-235U) coolant
temperature reactivity coefficients is more negative than
(Th-233U)O2, with relative discrepancy of 78%. In addition,
the moderator temperature reactivity coefficient for the
modeled reactor fueled with UO2, which is more negative
than (Th-235U)O2 and (Th-
233U)O2 fuels with relative
discrepancy of 45% and 102%, respectively. The (Th-235U)O2
moderator temperature reactivity coefficient is more
negative than (Th-233U)O2, with relative discrepancy of 103%.
Obviously less negative temperature coefficient of
(Th-235U) and (Th-233U) for fuel temperature coefficient (FTC),
coolant temperature coefficient (CTC), and moderate tem-
perature coefficient (MTC) depends on less neutron capture
resonances of 232Th component than 238U. Temperature
enhancement broads the capture resonances of fuel, resulting
in capture rate growth of the neutrons (this is related to FTC
parameter). Also, another consequence of temperature rising
is neutron spectra hardening so that the fraction of epi-
thermal neutrons increases (this is related to CTC and MTC
parameters). Therefore, the fission rate decreases and the
resonance capture rate increases. The net effect of the
pervious illustrations is higher reduction of keff in the case of
the uranium-based fuel.
The void reactivity coefficients decreased for (Th-235U)O2
andUO2 fuel loads up 10% volumetric void formation, then the
values are approximately constant. The void reactivity co-
efficients of the core fed (Th-233U)O2 increased up 10% volu-
metric void formation then the values were approximately
constant which are close to (Th-235U)O2 data (Fig. 2).
Because of an overmoderated design of the research
reactor, moderator per fuel volume decreases in the case of all
the investigated fuel matrixes during void formation so that
the modeled core bears positive reactivity.
In the case of void coefficient, there is no high discrepancy
between the fuels containing 235U fissile. Coolant voidingreactor core fed three types of fuel separately.
UO2 (Th-
235U)O2 (Th-
233U)O2
1.05840 1.057720 1.05939
7 5457 5606
0.744 0.713 0.240
0.688 0.636 0.253
0.0188 0.01544 0.011
0.033 0.0155 0.0034
0.087 0.048 0.0017
0.0869 0.0788 0.0302
1.63 1.72 1.75
1.50 1.58 1.53
0.48 0.84 0.77
Fig. 2 e Dependence of void reactivity coefficient on void
percent. Fig. 4 e Comparison of average neutron spectra in the
whole core for the different fuel loads.
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which causes the neutron spectra hardening increases y
somehow and thereby h. In consequence, the neutron spectra
hardening increases released neutrons per fission of 235U
more than 233U. Thus, the net effect of the above mentioned
clarifies the reason of themore positive void coefficients of the
research core fueled with 235U containing fuels.
According to Table 3, assembly-wise power peaking factor
variations due to the different fuel loads in the modeled
thermal reactor were negligible. Calculation of the radial
power distribution in the modeled fresh core shows that the
hottest fuel assemblies are the most central ones (Fig. 3).
According to Fig. 3, assembly-wise power peaking factor
calculates maximum per average deposited power ratio.
Neutron spectra have been calculated for the core fueled
with the three types of fuels separately. The calculations
showed that the neutron spectra are approximately identical
for (Th-233U)O2 and (Th-
235U)O2 fuels whereas the neutron
spectra for UO2 fuel is more thermal than the other investi-
gated fuels (Fig. 4).Fig. 3 e Radial power distribution in the modeled core.The spectra are not strongly related to fuel type. As seen in
Fig. 4, UO2 fuel creates neutron spectra with fairly higher
thermal part. This is related to higher prompt thermal
neutron fractions of 235U (nth, fiss) than
233U.
The keff variations during burnup at 40 MW power show
the cycle length of the (Th-233U)O2 and (Th-
235U)O2 fuels are
longer than UO2 fuel (Fig. 5). The (Th-
233U)O2 cycle length is
longer than the (Th-235U)O2 fuel.
235U initial load was 138 kg
in (Th-235U)O2 and
233U initial load was 121 kg in (Th-233U)O2.
In burnup calculations, no poison was used. The keff
dropping at the beginning of the cycle is directly related to
135Xe and 149Sm buildups. Whereas thorium-based fuels have
higher conversion ratio, 233U fissile inventory compensates
the sharp dropping, which is observable in case of UO2 fuel.
Dependence of the 35Xe mass production on the burnup
time has been presented in Fig. 6 for three types of fuel. As the
figure shows, the 135Xe production during the (Th-235U) O2
burnup is the highest, whereas the isotope concentration
values are the least in case of UO2.
The 149Sm mass production during the burn up time has
been presented in Fig. 7 for three types of fuel. As the figureFig. 5 e Dependence of effectivemultiplication factor on the
burnup time for the different fuel loads.
Fig. 6 e Comparison of 135Xe buildup during burnup of the
different fuels at 40 MW power.
Fig. 7 e Comparison of 149Sm buildup during burnup of the
different fuels at 40 MW power.
Fig. 8 e Comparison of 233Pa buildup during burnup of the
different fuels at 40 MW power.
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the highest, whereas the isotope concentration values are the
least in case of UO2.
Dependence of the 233Pa mass production on the burnup
time is presented in Fig. 8 for thorium-based fuels. As the
figure shows, the 233Pa production during the (Th-233U)O2
burn-up is more than (Th-235U)O2.
A comparison of actinide mass inventory between the
different burnt fuel matrixes is presented in Table 4.
3.1. Inventory of thorium isotopes
The burnup calculations presented in Table 4 shows that the
230Th, 231Th, and 233Th isotopes were produced during the
burning of thorium-based fuels. 230Th alpha emitter isotope
was produced only in (Th-233U)O2 fuel with negligible
concentration of 0.3 g at end of cycle (EOC). It is accounted
as hazardous waste because of its long half-life (7.538 Eþ4 y).
231Thbetaemitter isotopewasproduced inboth investigated
thorium-based fuels. The radioisotope decays to 231Pa (long
half-lifealphaemitter: 32760y)after25.52h. Its concentration is
about 0.1 g in both thorium-based burnt fuels after 2 years.
233Th inventory was occurred in both burnt thorium fuel
matrixes. The produced beta emitter concentration is < 1g for
both fuels. It converts to 233U via 233Th !22:5 m233Pa !26:967 d233U
decay chain.
3.2. Inventory of protactinium isotopes
Two isotopes of 232Pa and 233Pa were produced in the burnt
thorium fuel matrixes. As the computational data show, 232Pa
beta emitter isotope was produced in low concentrations
(< 0.02 g) in spent (Th-235U)O2 and (Th-
233U)O2 fuels. It converts
to 232U alpha emitter long half-life (68.9 y) via 232Pa !1:31 d232U
decay chain. Its decay chain terminates to 208Pb after some
years, which shows 232U is the highest radiotoxic element of
the decay chain.
The produced beta emitter 233Pa isotope in the spent fuel
matrixes will decay to 233U as previously mentioned. Its pro-
duction concentrations are 1.65 kg for (Th-233U) O2 and 1.49 kg
for (Th-235U)O2.
3.3. Inventory of uranium isotopes
The produced uranium isotopes in the burnt fuel matrixes are
233U, 234U, 236U, 237U, and 239U except 239U, and all of them are
highly radiotoxic alpha emitter elements.
234U buildup (half-life: 2.455  105 years) is higher in the
spent (Th-233U)O2 spent fuel (2.93 kg) than the other thorium
fuel (346 g). 234U produced concentration was negligible (0.2 g)
for UO2 fuel at EOC. Its decay chain terminates at
206Pb,
whereas the highest radiotoxic element of the chain is 234U.
236U buildup (half-life: 2.342  107 years) is higher in the
spent (Th-235U)O2 fuel (5.00 kg) than the UO2 fuel (3.94 kg).
236U
concentration is negligible (1.6 g) for (Th-233U)O2 fuel. Its decay
chain terminates at 208Pb, whereas the highest radiotoxic
element of the chain is 232Th (half-life: 1.405  1010 years).
237U buildup in (Th-235U)O2 and UO2 spent fuel matrix were
approximately 0.7 g and 1.3 g, respectively. It decays to 237Np
via 237U !6:75 d237Np decay chain. Its decay chain terminates at
Table 4 e Comparison of mass inventory and activity of actinides in different spent fuels (burnup time ¼ 2 years).
Radioisotope (Th-235U)O2 (Th-
233U)O2 UO2
Mass (g) Activity (Ci) Mass (g) Activity (Ci) Mass (g) Activity (Ci)
230Th e e 3.03E-01 6.26E-03 e e
231Th 9.72E-02 5.17Eþ04 1.04E-01 5.51Eþ04 e e
232Th 8.26Eþ06 9.06E-01 8.39Eþ06 9.20E-01 e e
233Th 8.57E-01 3.10Eþ07 9.51E-01 3.44Eþ07 e e
232Pa 1.72E-02 7.37Eþ03 1.57E-02 6.75Eþ03 e e
233Pa 1.49Eþ03 3.09Eþ07 1.65Eþ03 3.43Eþ07 e e
233U 2.32Eþ04 2.23Eþ02 1.18Eþ05 1.13Eþ03 e e
234U 3.46Eþ02 2.15Eþ00 2.93Eþ03 1.82Eþ01 2.03E-01 1.26E-03
235U 1.06Eþ05 2.29E-01 1.01Eþ02 2.18E-04 3.26Eþ04 7.05E-02
236U 5.00Eþ03 3.23E-01 1.60Eþ00 1.04E-04 3.94Eþ03 2.55E-01
237U 7.26E-01 5.92Eþ04 e e 1.30Eþ00 1.06Eþ05
238U e e e e 8.37Eþ06 2.81Eþ00
239U e e e e 8.20E-01 2.75Eþ07
237Np 2.68Eþ01 1.89E-02 e 2.96E-06 6.62Eþ01 4.67E-02
238Np 9.90E-03 2.56Eþ03 e e 4.64E-02 1.20Eþ04
239Np e e e e 1.18Eþ02 2.75Eþ07
238Pu e e e e 4.45Eþ00 7.62Eþ01
239Pu e e e e 1.51Eþ04 9.37Eþ02
240Pu e e e e 2.44Eþ03 5.54Eþ02
241Pu e e e e 3.09Eþ02 3.20Eþ04
242Pu e e e e 3.11Eþ01 1.23E-01
243Pu e e e e 4.45Eþ00 7.62Eþ01
Total activity of alpha emitters
at EOC(Ci)
1.21Eþ05 6.19Eþ04 1.51Eþ05
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chain is 237Np.
239U beta emitter isotope production is negligible (< 1 g) in
spent UO2 fuel and it is nondetectable in the other investi-
gated spent fuel. This radioisotope converts to 239Pu.3.4. Inventory of neptunium isotopes
Neptunium isotopes were produced in the UO2 and (Th-
235U)
O2 spent fuel matrixes after 2 years. Among them,
237Np pro-
duction concentrations are 66.2 g in UO2 and 26.8 g in (Th-
235U)
O2 (Table 4). It converts to
233U according to the decay chain:
237Np !2:144E6 y233Pa !26:967 d233U.
The produced concentration of 238Np beta emitter isotope
is negligible (<0.05 g) for burnt UO2, whereas the value is
0.0099 g in the case of the burnt (Th-235U)O2. The isotope de-
cays to 238Pu after 2.117 days.
239Np beta emitter isotope was produced only in UO2 fuel.
The produced concentration of 239Np is 118g, the radionuclide
decays to 239Pu after 2.3565 days.Table 5 e Inventory and consumption comparison of
fissile and fertile isotopes in the investigated spent fuels
(burnup time ¼ 2 years).
Fuel type Inventory (kg) Consumption (kg)
235U 233U 239Pu 235U 233U 232Th 238U
UO2 e e 15.10 26.53 e e 26.00
(Th-235U)O2 e 23.17 e 32.60 e 20.00 e
(Th-233U)O2 0.101 e e e 3.00 30.00 e3.5. Inventory of plutonium isotopes
There was not any detectable plutonium production in
thorium-based fuels after 2 years' burnup at 40MWpower (the
code reported production of concentrations of higher than 1E-
10 g). Plutonium isotopes were produced in the UO2 fuel dur-
ing the burnup process (from 238Pu to 243Pu). Among them,
238Pu concentrations were insignificant < 4.5 g. It decays to
234U and 230Th high radiotoxic elements via the
238Pu !87:7 y234U !2:455E5 y230Th !7:538E4 y 226Ra decay chain. 239Pualpha emitter concentrationwas 15 kg in the burnt fuel at EOC.
Another high radiotoxic produced isotope of plutonium is
240Pu (half-life: 6563 years). The produced concentrationwas <
2.5 kg. It decays to 236U and 232Th high radiotoxic elements via
the 240Pu !6563 y234U !2:342E7 y232Th !1:405E10 y 228Ra decay chain.
241Pu produced concentration was 309 g. It decays to 241Am
and 237Np high radiotoxic elements via
241Pu !14:35 y241Am !432:2 y237Np !2:144E6 y 233Pa decay chain. 242Pu
produced concentration was prominently 31.1 g. Its decay
chain is 242Pu !3:733E5 y238U !4:468E9 y234Th !24:10 d 234mPa !1:17 m 234U.
The 243Pu produced concentration was < 5 g in the UO2 spent
fuel. The beta emitter produced radioisotope decays to 243Am
(high radiotoxic element) after 4.956 hours.
As the burnup calculations show, the total activity of the
most radiotoxic alpha emitter isotopes of the UO2 spent fuel at
EOC was noticeably higher than other investigated fuels with
relative discrepancy of 19.86% and 59.9% comparing (Th-235U)
O2 and (Th-
233U)O2, respectively.
According to the obtained computational data presented in
Table 5, 15 kg of 239Pu was produced at EOC in the UO2 spent
Table 6e Comparison of reactivity variation of the research core after shutdown, for different fuel loading (burnup time¼ 2
years).
Dkeff BOC/ EOC
(pcm)
R.V. at 6th h shut
down
(pcm)
R.V. at 12th h
shutdown
(pcm)
R.V. at 30th
d shutdown
(pcm)
R.V. at 60th
d shutdown
(pcm)
UO2 5,600 713 390 1,827 1,834
(Th-235U)
O2
4,994 188 7 1,627 1,843
(Th-233U)
O2
4,511 92 68 1,774 1,901
R.V., reactivity variation.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 3 1 5e3 2 2 321fuel. The calculations showed that the conversion factor of the
used fuel in the thermal core was 0.58. In case of the
investigated (Th-235U)O2 fuel, 23.17 kg of
233U was produced
after 29.2 GWd burnup. Conversion factor of the evaluated
fuel was 0.7. By considering the fact that the (Th-233U)O2 fuel
is both consumer and producer of the initial loaded fissile
(233U), 3 kg of 233U initial load depleted at EOC. Also, the
conversion factor of the studied fuel was 0.97. The
conversion factor is calculated by the following equation:
CR ¼ 1þMBOC MEOC
DM
where MBOC and MEOC are the masses of useful fissile material
at the beginning and end of the fuel cycle and DM is the mass
of the fissioned nuclei during the fuel cycle [15].
Effective multiplication factor variation of the modeled
core during transit of fresh to burnt state has been calculated
using the computational code. The obtained results showed
the core-fed UO2 experiences was the highest variation
compared to the others (Table 6).
According to the data presented in Table 6, reactivity
variation of the core-fed UO2 after 30-day shutdown was
1,827 pcm, of which the value is the highest in comparison
with the other used thorium-based fuel. However, after a 60-
day shutdown, the core reactivity variation was the least for
the mentioned fuel loading. Obviously, at first hours after
shutdown, 135Xe plays a vital role in reactivity variations of
the modeled core. The calculations showed UO2 loaded fuel
resulted in a negative reactivity variation at the 6th hour
after shut down. Also, the other investigated fuels had fairly
low negative reactivity variation at the 6th hour after shut-
down. At 12 hours after shut down, the core reactivity
variation was positive in case of thorium-based fuels.
135Xe reactivity effects are related to first hours of the core
shutdown, which leads to negative reactivity at the first hours
of the core shutdown. In case of a thorium-based fuel matrix,
233Pa plays a vital role after the core long shut downs. In
addition, this effect can be observed in case of uranium-based
fuels because of 239Pu buildup.4. Conclusion
The literature indicates that Th-based fuels offer some ad-
vantages over U-based fuels due to their high conversionfactor capability in both thermal and fast neutron spectra.
Moreover, their proliferation resistance characteristic makes
them suitable alternatives for nuclear reactors. The obtained
results in this work showed that the effective delayed neutron
fraction and delayed neutron fractions for the modeled core
fed (Th-233U)O2 fuel are noticeably less in comparisonwith the
other investigated fuel matrixes. Also, the temperature reac-
tivity coefficients are less negative in comparison with the
evaluated UO2 and (Th-
235U)O2 fuel loadings; expect its void
reactivity. However, the safety parameters of the modeled
research core were disturbed by (Th-233U)O2 loading, but the
highest conversion factor and the lowest transuranic alpha
emitter production in the spent fuel motivates the thorium-
based handling for nuclear reactors.Conflicts of interest
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Glossary
ADSR: (Accelerator Driven Subcritical Reactor)
AECL: (Atomic Energy of Canada Limited)
BOC: (Beginning Of Cycle)
BWR: (Boiling Water Reactor)
CANDU: (CANada Deuterium Uranium)
CTC: (Coolant Temperature Coefficient)
ENDF: (Evaluated Nuclear Data File)
EOC: (End Of Cycle)
FTC: (Fuel Temperature Coefficient)
GFR: (Gas-cooled Fast Reactor)
HTR: (High Temperature Reactor)
MCNPX: (Monte Carlo N-Particle eXtended)
MOX: (Mixed OXide)
MTC: (Moderator Temperature Coefficient)
PHWR: (Pressurized Heavy Water Reactor)
PWR: (Pressurized Water Reactor)
TRISO: (TRiISOtropic)
TRU: (TRansUranic)
WIMS: (Winfrith improved multigroup scheme)
